Cite this article: Hays GC, Mazaris AD, Schofield G, Laloë J-O. 2017 Population viability at extreme sex-ratio skews produced by temperature-dependent sex determination. For species with temperature-dependent sex determination (TSD) there is the fear that rising temperatures may lead to single-sex populations and population extinction. We show that for sea turtles, a major group exhibiting TSD, these concerns are currently unfounded but may become important under extreme climate warming scenarios. We show how highly female-biased sex ratios in developing eggs translate into much more balanced operational sex ratios so that adult male numbers in populations around the world are unlikely to be limiting. Rather than reducing population viability, femalebiased offspring sex ratios may, to some extent, help population growth by increasing the number of breeding females and hence egg production. For rookeries across the world (n ¼ 75 sites for seven species), we show that extreme female-biased hatchling sex ratios do not compromise population size and are the norm, with a tendency for populations to maximize the number of female hatchlings. Only at extremely high incubation temperature does high mortality within developing clutches threaten sea turtles. Our work shows how TSD itself is a robust strategy up to a point, but eventually high mortality and female-only hatchling production will cause extinction if incubation conditions warm considerably in the future.
Introduction
Understanding the drivers of variations in offspring sex ratios is a longstanding challenge regardless of whether species exhibit genotypic or environmental sex determination (GSD or ESD, respectively) [1] [2] [3] [4] [5] . In some cases, theoretical models explaining how sex-ratio biases may be adaptive have been supported by empirical observations [5, 6] , while in other cases sex-ratio biases seem maladaptive. For example, in groups with temperaturedependent sex determination (TSD, which is one form of ESD), such as reptiles, extreme sex-ratio biases caused by high incubation temperatures are thought to be an important extinction driver [7, 8] , and there is concern that this escalating extinction risk is associated with climate warming [9] [10] [11] . Yet surprisingly, while often inferred, the implications of variations in offspring sex ratios for adult breeding in species exhibiting TSD have only rarely been considered [8] .
Sea turtles are an iconic group exhibiting TSD. In this group, males are produced at cooler incubation temperatures and females at warmer temperatures, with the pivotal temperature, i.e. the incubation temperature producing a 50 : 50 sex ratio, being close to 298C for all species [12] . There has been long-standing concern that, all else being equal, rising air temperatures occurring as part of global climate change may lead to the feminization of populations and hence population extinction [13, 14] . Given these concerns, there has been considerable work to describe current hatchling sex ratios as well as efforts to understand how these might have changed in the past and may change in the future [9] [10] [11] . For some populations, even in the face of climate warming, the production of male offspring may continue and hence these populations may remain viable [9] [10] [11] . Furthermore, male turtles may fertilize multiple clutches. Thus having a 50 : 50 operational sex ratio (OSR), i.e. the ratio of breeding adult males and females, may not be necessary. However, these few predictions of continued male production in the future fail to explain why highly female-biased hatchling sex ratios seem to predominate in sea turtle populations across the globe.
Here we make a step advance in our understanding of the implications of observed female-biased hatchling sex ratios. Using empirical data collected across seven species, we develop a model for how the offspring sex ratio and egg survival interact to influence the number of surviving male and female offspring at different incubation temperatures and how these numbers translate into OSRs. To establish this connection between hatchling sex ratios and OSRs, we make use of recent evidence that has shown that, across species and populations, the breeding interval for adult females is likely to be around twice as long as for males. For example, in populations where adult females breed every four years, males likely breed every two years; in populations where females tend to breed every two years, males will most probably breed every year, etc. [15, 16] . These different breeding intervals stem from the fact that adult males invest less in a breeding season and spend less time away from their foraging grounds [16] .
We explore the implications, not only of temperature impacts on sex determination, but also on offspring survival. In this way, we assess the key demographic penalties of high incubation temperatures. By coupling theoretical arguments with empirical data on hatchling sex-ratio skews measured from populations around the world, we consider whether hatchling sex ratio skews are likely to compromise the viability of populations through a lack of males leading to reduced egg fertility.
Material and methods
(a) Relationships between incubation temperature, hatchling sex ratio and success
In sea turtles, incubation temperature has two profound impacts on hatchlings, influencing both their sex and survival. We used data from published research to describe the relationships [12, 17] between incubation temperature and (i) the primary sex ratio, i.e. the sex ratio in developing embryos assuming no differential mortality of eggs with incubation temperature, and (ii) hatching success [17] , i.e. the proportion of eggs surviving to produce hatchlings. These studies compiled published data from across species of sea turtles. We digitized their plots and fitted a logistic model through the individual data points using the method of least squares. We used a logistic function defined by the equation:
where A is the upper asymptote, b is the slope at the inflection point and x 0 is the inflection point.
(b) Sex ratio and size of nesting populations
From published sources, we assembled data on sea turtle hatchling sex ratios and population sizes (annual number of nests) across species. We searched the Thomson Reuters ISI Web of Science TM database for papers that included the terms 'sea turtle' and 'sex ratio' in the topic field, which includes the title, abstract, keywords and Keywords Plus (i.e. words that frequently appear in the titles of the articles cited within a publication). To locate additional articles that might not have been identified by the initial search, we also checked the reference lists of relevant papers based on the pre-defined terminology. In these studies, the sex ratios of hatchlings were either measured directly, which involves sacrificing hatchlings and the histological examination of the gonads, and/or were predicted by in situ measurements of sand temperatures on the nesting beaches combined with established relationships between sand temperature and hatchling sex ratio.
For each site, we then searched the published literature to obtain population size estimates. We only used population size estimates for the specific sites for the same year as the hatchling sex-ratio measurement was made, or if this sex-ratio had been measured over several years, then we used a corresponding range of years to calculate the mean number of nests per year.
Results
At warmer incubation temperatures, primary sex ratios become increasingly female-biased, being described by equation ( figure S2 ). The effects of incubation temperature on primary sex ratio and hatching success, while well established, tend to be considered in isolation.
We combined the effect of temperature on sex ratio and survival to estimate the relative numbers of male and female hatchlings surviving incubation at different temperatures, which we termed the surviving hatchling sex ratio. For example, at 298C, equal numbers of males and females are produced. At progressively higher temperatures, initially more females survive incubation both in absolute terms and relative to male numbers (figure 1b), but then at incubation temperatures above 31.58C hatchling mortality increasingly impacts survival and fewer female hatchlings survive (figure 1b). Combining these impacts of incubation temperature on primary sex ratio and the numbers of surviving hatchlings shows how the number of female hatchlings surviving incubation increases as the primary sex ratio becomes increasingly female-skewed, only declining to very low levels at extreme primary sex ratios (more than 99.9% female), where mortality during incubation is very high (figure 1c). For example, when the primary sex ratio is 99% female, then on average 44 female hatchlings per 100 eggs survive incubation, the same number as when the primary sex ratio is 50% female. The highest numbers of females surviving incubation (more than 60 hatchlings per 100 eggs laid) are found at primary sex ratios of between 71 and 97% female (figure 1c).
We ran a sensitivity analysis to assess the importance of the value of the inflection point for TSD and similarly of the value for the point of inflection in the temperature versus embryonic survival relationship. We assumed inflection points for TSD rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162576 between 28.08C and 30.08C, in accord with the extremes reported in the literature [12] , and assumed midpoints of the thermal tolerance for embryonic development between 31.58C and 33.58C. Our key findings remain the same, though the specific numbers of males and female hatchlings produced in a nest change (electronic supplementary material, figures S3 and S4).
We explored the implications of variability in incubation temperatures across nests as well as differences in breeding intervals between adult males and females. At any site there will be a range of incubation temperatures. At cooler temperatures, more male embryos are produced as well as higher hatching success, whereas at warmer incubation temperatures the higher mortality will tend to reduce the numbers of female hatchlings surviving. In short, thermal variability across nests will tend to reduce high female skews in the surviving hatchling sex ratio. For example, assume the mean nest temperature for a site is 348C and a standard deviation of 28C across nests in that population. This is a realistic measure of variation in incubation temperature across nests (see the electronic supplementary material). Without incorporating this thermal variation between clutches, at 348C we expect a hatchling sex ratio of more than 99% female. But incorporating this variation between clutches, then the occasional cooler nests produce more males that survive and the very high temperatures in some nests produce females that die, so that the surviving hatchling sex ratio becomes 94% females and 6% males, i.e. 15.6 females for every male. We can extend these calculations of hatchling sex ratios to predict the resulting OSRs, using recent evidence [16] showing that across species and populations the interval between breeding seasons across a range of conditions is typically likely to be half that in male sea turtles compared with females. The fact that adult male and female sea turtles have different breeding intervals has profound implications for OSRs. For example, in a population with an adult sex ratio of 15.6 females to every male, if males breed twice as frequently as females then the OSR would be 7.8 females for every male. So, in this example, from a starting point of incubation temperatures where the primary sex ratio is more than 99% females for every male during incubation, there will be only 7.8 females for every male on the breeding grounds.
Our calculations suggest that a female-skewed primary sex ratio per se should not constrain population size until the skew is so massive that high mortality leads to almost no hatchlings surviving incubation. To examine this prediction, we assembled data from around the world on sea turtle hatchling sex ratios and population sizes. These assembled literature values represent a combination of both primary hatchling sex ratios and surviving hatchling sex ratios. For 75 sites around the world for which both hatchling sex ratio and population size were available, including all seven species, there was a tendency for hatchling sex ratios to be femaleskewed: the mean hatchling sex ratio was 73.5% female (s.d. ¼ 20.3); for 73% of sites, there were more than or equal to 60% female hatchlings, while for just 6.6% of sites were there less than or equal to 40% female hatchlings (figure 2a; electronic supplementary material, table S1). Across the broad range of observed hatchling sex ratio estimates generated by using either direct methods (i.e. histology of hatchlings, n ¼ 18), indirect techniques (i.e. predicting sex ratio from nest temperature and/or incubation duration, n ¼ 62) or by combining sex ratio estimates from both approaches, there was no significant relationship with population size (figure 2b). This finding was maintained even when removing the extreme records based on Cook's D statistic. These findings were not impacted by countries where datasets were available for multiple sites. For instance, 21 sites were from Brazil alone; however, even when we merged these sites into four regions, population size remained independent of hatchling sex ratio. Most hatchling sex ratios were between 60 and 98% female, which is also the range over which the production of female hatchlings is maximized ( figure 1c) . In short, across the globe, rookeries tended to maximize the number of female hatchlings being produced (figure 2c).
While our calculations show how male embryo survival and adult male breeding periodicity serve to mitigate highly female-skewed primary sex ratios, rising incubation temperatures will reduce hatchling production. So future climate warming may ultimately have profound implications for the viability of sea turtle populations. For example, consider an incubation temperature of 308C that produces a primary sex ratio of 76% female and 65 and 20 female and male hatchlings surviving incubation, respectively, per 100 eggs (figure 1). From this starting point, as incubation temperatures rise, the production of both female and male hatchlings will decline (figure 3). At 358C, on average, there would be only five female and 0.002 male hatchlings surviving incubation per 100 eggs (figure 3). So populations currently with highly female-skewed hatchling production are likely to see much lower levels of hatchling production under scenarios of warming incubation conditions.
Discussion
Incubation temperature has profound impacts on both offspring sex ratios and embryonic survival in species with TSD [18] [19] [20] . The interplay between embryonic sex ratio and survival has recently been explored [8] , with an extensive modelling exercise on how this interplay influences the number of male and female offspring surviving incubation. In this recent study [8] , a range of functions were used to describe how temperature might impact embryonic sex ratio and survival. We followed this same approach, considering the case of sea turtles where there are well described relationships between incubation temperature versus embryonic sex ratio and survival [12, 17] . In this way, we show how the extensive recent general modelling exercise [8] most probably applies to the specific case of sea turtles. Further, our work takes the next step of exploring how hatchling sex ratios might translate into OSRs, by incorporating recently identified differences in the breeding periodicity between males and females [16] . In this way, our work moves this area forward by providing clear evidence for how relatively balanced OSRs may persist in sea turtles, even when nests ≥ 10 000 10 000 < nests £ 1000 1000 < nests £ 100 <25% 25-50% 50-75% >75% rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162576 embryonic sex ratios are highly female-skewed. Hence our work shows how, up to a point, warm incubation temperatures and female skews in hatchling production can still lead to viable populations. Our derivation of this key finding is likely robust for a number of reasons. First, the key relationships between incubation temperature and both hatchling sex ratio and survival are relatively well known, having been measured in many studies [12, 17] and even varying the exact parameterization of these relationships did not change our key conclusions. Second, in contrast to many other species [21] , sea turtles are a tractable group for assessing how offspring sex ratios translate into OSRs, as both adult males and females travel from distant foraging grounds to breed close to the nesting beaches and hence this subset of the adult population available to breed in any year can be accurately assessed [16, 22] . So our model assumption that adult male turtles travel to the breeding grounds twice as frequently as adult females is supported by strong evidence from, for example, satellite tracking [16] , direct observation of males and females on the breeding grounds [15] and laparoscopy of the breeding condition of adults caught on their foraging grounds [22] . Our findings on how primary sex ratios translate to OSRs, suggest that sea turtle populations may remain viable even when the primary sex ratios are highly female-skewed. In essence, highly skewed primary sex ratios translate to more balanced OSRs because male hatchlings are more likely to survive incubation owing to hatching success being higher at cooler, male-producing temperatures and the fact that mature males will breed more frequently than females. Furthermore, male sea turtles may visit several breeding grounds in order to reproduce [23] and a single male turtle can breed with many females [24] , so that a few males can go a long way in terms of fathering clutches. Taken together, these lines of evidence suggest it is currently unlikely that there is male limitation on female fecundity in sea turtle populations, even when primary sex ratios are highly skewed, in contrast to some other species where a lack of males may mean that females are unable to find a mate [25] . This conclusion that having only a few males may not deleteriously impact sea turtle populations is also consistent with the observations of highly skewed primary sex ratios in sea turtle populations that are nonetheless thriving as indicated by their size, long-term persistence and trajectories of increasing population size. For example, while very high female hatchling sex ratio skews generally dominate for loggerhead turtles in Florida and green turtles on Ascension Island [16] , these adult populations are among the largest in the world [26, 27] . So high female hatchling sex ratio skews do not seem to compromise the size of these populations that may be large for a range of reasons such as low mortality of juveniles and adults, good foraging conditions and availability of nesting habitat. We note also that population size, while important, is not an all-encompassing measure of population health. Biased sex ratios can induce deleterious genetic effects within populations with a decline in the effective population size and increasing the odds of inbreeding and random genetic drift [19, 28, 29] . The links between hatchling sex-ratio skews and effective population size still need to be established for sea turtles.
At rookeries around the world, current hatchling sex ratios have persisted for the past century [11, 30, 31] , i.e. current hatchling sex ratios are not simply the consequence of recent climate warming and we need to search for an alternative explanation, aside from climate warming, to explain these sex-ratio skews. One possibility is that sex-ratio skews seen around the world represent the best ratio selected for each location on the basis of mortality of juveniles and adults. However, in contrast to some freshwater turtles [32, 33] , this suggestion is difficult to test as there is very limited information on differential sex-specific mortality rates of juvenile and adult sea turtles.
Often at locations where primary sex ratios are highly female-skewed, sea turtles nest in the warmest part of the year. For example, for large nesting populations such as those in Florida and Ascension Island discussed above, where highly female-skewed hatchling sex ratios dominate, females do not nest at cooler times of year when they would produce more male hatchlings (e.g. [32 -34] ). The observed breeding seasonality and long-term persistence of populations with skewed sex ratios provide further evidence that femalebiased sex-ratio skews may, up to a point, not compromise population viability in sea turtles. Rather we suggest that, in this group, female-skewed primary sex ratios may be adaptive and promote viability, because across the globe populations tend to produce primary sex ratios that maximize the number of female hatchlings surviving incubation. Presumably by maximizing female production in a system where only a few adult males are needed to fertilize clutches, sea turtles help maximize the intrinsic rate of population increase [8, 25, 35] , which may contribute to the widely observed recovery of once exploited populations following the instigation of conservation measures (e.g. [36] ). There may be further benefits of maximizing female production. For example, in the common lizard, Lacerta vivipara, more males in a population leads to greater sexual conflict, with males harassing females in their attempts to mate, causing reproductive fitness Figure 3 . An illustration of how warming, occurring as part of climate change, will ultimately lead to no production of male hatchlings. From a starting point of the mean production of male and female hatchlings at 308C, with different levels of a future increase in incubation temperature, the number of female and male hatchlings surviving incubation per 100 eggs, along with the number of embryos not surviving incubation (termed unviable). If incubation temperature rises þ58C to 358C then, on average, there would be only five female and 0.002 male hatchlings surviving incubation per 100 eggs.
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162576 to be compromised [37] . Similar harassment also occurs in sea turtles [38] . In mammals and birds, there are a range of arguments for the adaptive significance of sex-ratio skews and how they may maximize the reproductive fitness of breeding females (e.g. [5] ). These arguments largely apply to taxa with GSD where females can control their offspring sex ratio. However, in sea turtles it is unclear whether individuals can actively determine their offspring sex ratio, for example by adjusting the nest positioning, or by changing their nesting phenology, which may both mitigate climate warming effects in taxa with TSD [28, 39] . So while our arguments indicate how population viability in sea turtles can be maintained at extreme female primary sex-ratio skews, the links between sex-ratio skews and individual fitness of breeding females remain unclear. Furthermore, while we considered the profound implications of temperature for hatchling sex and survival during incubation, other important thermally dependent traits could be included in this context in future work, such as locomotor performance, rate of development and size.
Rather than feminization of populations being the primary concern in scenarios of climate change and rising incubation temperatures, our conclusions instead show that the conservation concern should focus on the high hatchling mortality in excessively warm nests, a finding consistent with recent work in which hatchling mortality under scenarios of rising temperatures has been modelled in detail for an important rookery in central America [40, 41] . The increased embryo survival and shorter breeding interval of male turtles, which serve to mitigate female-biased hatchling sex-ratio skews, only work to a point. For example, once incubation temperatures are 358C, there are almost no more males produced (1 per 50 000 eggs laid), so increased breeding frequency of males would likely be irrelevant. As turtles return to the rough neighbourhood of their natal breeding grounds, it seems likely that for populations already producing more than 80% females, there will be a real extinction risk if they continue to nest at the same time of year and conditions warm by a few degrees. Our scenarios for impacts of warming incubation conditions can be set against the backdrop of the IPCC projecting that the global mean surface temperature will continue to increase throughout the twenty-first century, by 0.4-2.68C by 2046-2065 and by 0.3-4.88C by 2081-2100 relative to 1986-2005, if current levels of emissions of greenhouse gases continue [42] .
From this conservation perspective, it is noteworthy that hatchling mortality is relatively straightforward to estimate, certainly compared with primary sex ratios, by simply excavating nests after surviving hatchlings have emerged and counting unhatched eggs, hatched eggs and dead hatchlings in the sand [17] . As such we would advocate that long-term monitoring of hatchling mortality in nests provides a simple measure to diagnose negative impacts of climate warming. In summary, our theoretical and empirical findings suggest that female-skewed primary sex ratios are unlikely to compromise population viability in sea turtles. While climate warming still poses a threat to sea turtles, it is not the skewed sex ratios per se that will threaten population survival but rather higher mortality within clutches.
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